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ABSTRACT 

The chemical energy of c o a l  can be  d i r e c t l y  converted i n t o  

These f u e l  c e l l s  e l e c t r i c a l  energy by s o l i d - e l e c t r o l y t e  f u e l  cells. 

operate  a t  about 1000°C and use a doped-zirconia s o l i d  e l e c t r o l y t e .  

A thin-f i lm,  s o l i d - e l e c t r o l y t e  c e l l  has  been f a b r i c a t e d  by success ive ly  

applying: 1 )  a porous f u e l  e lec t rode ;  2)  a dense, continuous y t t r i a  

doped z i rconia  electrolyte; and 3) a porous a i r  e lec t rode  l a y e r  on a 

porous ceramic tube 1 . 3  c m  i n  diameter and 5 c m  long. Each of these  

t h r e e  l a y e r s  was less than 30 p th ick .  The e l e c t r o l y t e  w a s  produced 

by chemical vapor depos i t ion  and t h e  e l e c t r o d e s  by s i n t e r i n g  processes .  

The c y l i n d r i c a l  c e l l  was t e s t e d  with H (2, 3% H 0) f u e l  gas  
2 2 

The open c i r c u i t  vo l tage  of the  c e l l  i n s i d e  and a i r  o u t s i d e  the  tube. 

was 1.06 v o l t  -- with in  2% of the  t h e o r e t i c a l  value. 

vol tage w a s  0.73 v o l t  a t  517 milliamperes/cm . 
checked c lose ly  those ca lcu la ted  from t h e  r e s i s t i v i t y  and th ickness  of 

the e l e c t r o l y t e  and t h e  r e s i s t a n c e  of t h e  e lec t rodes .  The p o l a r i z a t i o n  

l o s s e s  were less than 0.10 v o l t  f o r  t h e  porous cobal t -z i rconia  f u e l  

e lec t rode  and a 0.20 v o l t  f o r  the  a i r  e lec t rode .  

of t h e  c e l l  thus exceeds t h a t  pro jec ted  f o r  a n  i n i t i a l  100-kilowatt 

coal-burning f u e l - c e l l  power p l a n t ,  f u r t h e r  work is required t o  improve 

the a i r  e lec t rode  and t o  in te rconnec t  such thin-film c e l l s  i n  a b a t t e r y .  

The opera t ing  
2 The r e s i s t i v e  l o s s e s  

While the  performance 
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ABSTRACT 

The chemical energy of c o a l  can be d i r e c t l y  converted i n t o  e lec t r ica l  
energy by s o l i d - e l e c t r o l y t e  f u e l  cells. 
and use a doped z i r c o n i a  s o l i d  e l e c t r o l y t e .  
has  been f a b r i c a t e d  by success ive ly  applying:  1 )  a porous f u e l  e l e c t r o d e ;  2)  a 
dense,  continuous y t t r i a  doped z i r con ia  e l e c t r o l y t e ;  and 3) a porous a i r  elec- 
t rode  l a y e r  on a porous ceramic tube 1.3 c m  i n  diameter and 5 c m  long. Each of 
t h e s e  t h r e e  l a y e r s  w a s  less than  30p t h i ck .  The e l e c t r o l y t e  w a s  produced by 
chemical vapor d e p o s i t i o n  and t h e  e l e c t r o d e s  by s i n t e r i n g  processes .  

These f u e l  cells ope ra t e  a t  about 1000°C 
A th in- f i lm,  s o l i d - e l e c t r o l y t e  ce l l  

The c y l i n d r i c a l  c e l l  was t e s t e d  w i t h  H2(-3% H20) f u e l  gas  i n s i d e  and 
a i r  ou t s ide  t h e  tube.  The open c i r c u i t  v o l t a g e  of t h e  cel l  w a s  1.06 v o l t  -- 
wi th in  2% of t h e  t h e o r e t i c a l  va lue .  The ope ra t ing  vo l t age  w a s  0.73 v o l t  a t  517 
milliamperes/cm2. 
r e s i s t i v i t y  and th i ckness  of t h e  e l e c t r o l y t e  and t h e  r e s i s t a n c e  of t h e  e l ec t rodes .  
The p o l a r i z a t i o n  l o s s e s  were less than  0.10 vo l t  f o r  t h e  porous cobal t -z i rconia  
f u e l  e l e c t r o d e  and a 0.20 v o l t  f o r  t h e  a i r  e l e c t r o d e .  While t h e  performance of 
t h e  c e l l  exceeds t h a t  p ro j ec t ed  f o r  an i n i t i a l  100-kilowatt  coal-burning fue l -  
c e l l  power p l a n t ,  f u r t h e r  work is requ i r ed  t o  improve t h e  a i r  e l e c t r o d e  and t o  
in te rconnec t  such th in- f i lm cel ls  i n  a b a t t e r y .  

The resistive l o s s e s  checked c l o s e l y  those  c a l c u l a t e d  from t h e  

INTRODUCTION 

Electrical  energy can be generated us ing  c o a l  as a f u e l  by d i r e c t  
e lec t rochemica l  conversion us ing  s o l i d  e l e c t r o l y t e  f u e l  c e l l s .  ( l )  A s o l i d  elec- 
t r o l y t e  f u e l  ce l l  can  b e  v i s u a l i z e d  as shown i n  F igure  1. The oxyg'en r e c e i v e s  
e l e c t r o n s  a t  t h e  a i r  e l e c t r o d e  (cathode) ,  mig ra t e s  through t h e  e l e c t r o l y t e  as an 
ion  and t r a n s f e r s  t h e  e l e c t r o n s  a t  t h e  f u e l  e l e c t r o d e  (anode) r e a c t i n g  wi th  t h e  
f u e l  gas  t o  form H20 and C02. The e l e c t r o l y t e  is  a y t t r i a  doped z i r c o n i a  which 
has  an oxygen ion  t r a n s f e r  number very  c l o s e  t o  one. The e l e c t r o d e s  are e i t h e r  
metall ic o r  c o n s i s t  of e l e c t r o n i c a l l y  conducting oxides .  This  f u e l  c e l l  ope ra t e s  
a t  temperatures n e a r  1000°C where t h e  oxygen i o n s  are mobile. A f l u i d i z e d  c o a l  
bed, r ece iv ing  h e a t  from the  f u e l  cells ,  g a s i f i e s  t h e  c o a l  and gene ra t e s  t h e  f u e l  
f o r  t he  cells .  S ince  t h e  goa l  of t h i s  work is c e n t r a l  s t a t i o n  power, t h e  f u e l  
c e l l  power p l a n t  h a s  t o  compete wi th  convent iona l  power genera t ing  p l a n t s .  This  
means t h a t  t h e  s o l i d  e l e c t r o l y t e  f u e l  cells  have t o  b e  f a b r i c a t e d  us ing  low c o s t  
product ion techniques and t h a t  t he  c o s t s  of expensive materials 
doping of t h e  e l e c t r o l y t e )  have t o  be  minimized. 

( i . e .  t h e  y t t r i a  
The th in - f i lm  f u e l  c e l l  
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r ep resen t s  an  important  s t e p  toward this goal .  
cel ls  complex ceramic machining and assembling techniques (2) are rep laced  by 
a less expensive f i l m  d e p o s i t i o n  proces's. The r educ t ion  of e l e c t r o l y t e  th ickness  
from nea r ly  1000 microns t o  about 30 microns reduces  the ca l cu la t ed  c e l l  resis- 
tance from 1 R  t o  about 3 x 10-352 pe r  square  centimeter of active c e l l  area a t  the  
ope ra t ing  temperature.  
thin-f i lm f u e l  ce l l .  

To prepare  such t h i n  f i l m  f u e l  

This  paper r e p o r t s  t h e  c o n s t r u c t i o n  and performance of a 

CELL PREPAEUT ION 

The c e l l  w a s  b u i l t  on a c y l i n d r i c a l  porous ceramic support  tube  coated 
f i r s t  wi th  t h e  f u e l  e l e c t r o d e ,  then  t h e  t h i n  f i l m  e l e c t r o l y t e ,  and f i n a l l y  by the  
a i r  e l ec t rode .  
t h e  porous s t r u c t u r e  of t he  support  tube  t o  t h e  f u e l  e l ec t rodk .  Combustion prod- 
u c t s  d i f f u s e  i n  t h e  oppos i t e  d i r e c t i o n .  A concen t r a t ion  g rad ien t  is  b u i l t  up 
wi th  increas ing  combustion product  conten t  a long  t h e  tube  a x i s .  A i r  f lows over  
t h e  o u t s i d e  air  e l e c t r o d e .  

The f u e l  f lows through t h e  i n s i d e  of t h e  tube  and d i f f u s e s  through 

A s  support  tube  f o r  t h e  c e l l  w e  used a 1 .3  c m  O.D. s t a b i l i z e d  z i r c o n i a  
The measured open p o r o s i t y  of t h e  support  tube with a w a l l  t h i ckness  of 1 .5  mm. 

tube w a s  15 percent .  

The tube  w a s  covered over  a l eng th  of  n e a r l y  15 cm with a f u e l  elec- 
t rode  cons i s t ing  of  a 20 t o  3011 t h i c k  coba l t - z i r con ia  cermet l a y e r .  
w a s  app l i ed  by s i n t e r i n g .  

Th i s  l a y e r  

The f u e l  e l e c t r o d e  w a s  covered wi th  a t h i n  f i l m  e l e c t r o l y t e  by chemical 
vapor depos i t ion .  

The x-ray a n a l y s i s  of the e l e c t r o l y t e  f i l m s  confirmed a f u l l y  cubic  
s t r u c t u r e  of t h e  e l e c t r o l y t e .  

Film th icknesses  obta ined  from a t h r e e  hour chemical vapor d e p o s i t i o n  
r u n  are about 3011 t o  5011. 
number of experiments show t h a t  pores  up t o  10  microns i n  t h e  cermet f u e l  elec- 
t r o d e  can be  br idged wi th  a gas- t igh t  e l e c t r o l y t e  f i l tn .  

Cross s e c t i o n  a n a l y s i s  of va r ious  f i l m s  grown i n  a 

Af t e r  t h e  e l e c t r o l y t e  f i l m  was  a p p l i e d  t o  a 4 c m  long ce l l  i t  w a s  as- 
sembled i n t o  t h e  tester f o r  testing a t  950OC. 
tubes  f i t  over  t h e  ce l l  tube  ends. Gold washers seal t h e  c e l l  t ube  t o  t h e  alumina 
tubes .  The assembly w a s  compressed by means of an alumina rod running through t h e  
c e n t e r  of t h e  tubes.  Threaded b r a s s  tub ing  w a s  glued to t h e  alumina rod  ends t o  
a l low t h e  tubes t o  be placed under a c o n t r o l l e d  compression using a s p r i n g  on one 
end of t h e  assembly. Since t h e  gold washers are  pressed  a g a i n s t  t h e  t h i n  f u e l  
e l e c t r o d e  loca ted  between support  t ube  and th in - f i lm  e l e c t r o l y t e ,  they  provide 
e lec t r ica l  con tac t  t o  t h e  f u e l  e l ec t rodk .  A plat inum w i r e  w a s  welded on t o  one 
washer r ep resen t ing  a p o t e n t i a l  probe and a 11.5 mm t h i c k  palladium silver w i r e  
w a s  welded t o  t h e  o t h e r  washer a s . c u r r e n t  l e a d  t o  t h e  f u e l  e l e c t r o d e .  

A s  F igure  2 shows, alumina adapter  

An a i r  e l e c t r o d e  c o n s i s t i n g  of a t h r e e  l a y e r  coa t ing  of platinum w a s  
app l i ed  i n  t h r e e  s e p a r a t e  s i n t e r i n g  s t e p s .  The plat inum w a s  s i n t e r e d  i n  a i r  
wh i l e  t h e  i n s i d e  of t h e  c e l l  w a s  purged w i t h  forming gas .  
t r o d e  was backed up wi th  a platinum sc reen  c u r r e n t  c o l l e c t o r .  
palladium s i lver  w i r e  ac t ed  as t h e  c u r r e n t  lead o n  t h e  a i r  s i d e  of t h e  ce l l .  

The plat inum a i r  elec- 
A 1.5 mm t h i c k  



The ce l l  w a s  equipped wi th  a thermocouple which ac t ed  a l s o  a s a  p o t e n t i a l  
An e l e c t r o l y t e  r e f e r e n c e  e l e c t r o d e  w a s  placed bes ide  probe f o r  t h e  a i r  e l ec t rode .  

t h e  air e l ec t rode .  F igu re  3 shows t h e  cel l .  The t o t a l  a c t i v e  ce l l  area, de t e r -  
mined by the  a i r  e l e c t r o d e  s i z e ,  w a s  5.8 cm2. 
f i l m  c e l l  s t r u c t u r e  i s  shown i n  F igure  4 .  

A c r o s s  s e c t i o n  through t h e  t h i n  

EXPERIMENTAL RESULTS 

The cel l  w a s  t e s t e d  us ing  hydrogen con ta in ing  n e a r l y  3% water as t h e  
The flow rate i n d i c a t e d  by flowmeters w a s  400 t o  500 ccm p e r  minute. A i r  f u e l .  

w a s  suppl ied  by n a t u r a l  convection t o  t h e  o u t s i d e  of t h e  c e l l .  

The c e l l  w a s  opera ted  a t  950°C. The e lectr ical  c h a r a c t e r i s t i c s  are 
shown i n  Figure 5. The p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of t h e  f u e l  and t h e  a i r  
e l e c t r o d e  inc lude  t h e  ohmic and non-ohmic p a r t  of t h e  p o l a r i z a t i o n .  
open c e l l  vo l t age  w a s  1060 mV over  t h e  e n t i r e  test per iod  of nea r ly  100 hours.  
maximum cur ren t  d e n s i t y  of 720 mA/cm2 w a s  ob ta ined  a t  a ce l l  vo l t age  of 618 mV. 
The ce l l  w a s  operated f o r  a 96 hour t e s t  a t  a cont inuous cu r ren t  load  of 500 
mA/cm2. 

The measured 
A 

The cel l  vo l t age  a t  t h i s  c u r r e n t  l e v e l  i s  p l o t t e d  versus  t i m e  i n  F igure  6 .  

Current i n t e r r u p t i o n  t e s t s ( 3 )  showed an ohmic p o t e n t i a l  drop i n  t h e  ce l l  
of 30 mV a t  a cu r ren t  d e n s i t y  of 630 mA/cm2. 
e l e c t r o d e ,  c a l c u l a t e d  from t h e  square  r e s i s t a n c e  of t h e  f u e l  e l e c t r o d e ,  does no t  
exceed 5 mV a t  t h i s  cu r ren t  level. The resistance of t h e  air e l e c t r o d e  w a s  ne- 
g l ec t ed  because of t h e  heavy cu r ren t  c o l l e c t o r .  The d i f f e r e n c e  of 25 mV i s  due 
t o  the  p o t e n t i a l  drop i n  t h e  e l e c t r o l y t e .  

The r e s i s t a n c e  drop i n  t h e  f u e l  

From t h e s e  da ta ,  t h e  ca l cu la t ed  r e s i s t i v i t y  of t h e  t h i n  f i l m  e l e c t r o l y t e  
is: 

n 

v*CmL] = 13 [ Q - c m ]  0.025 
[A.cm p [ Q * c m ]  = 

0.630 x 30 x 

This  compares very favorably  wi th  t h e  r e s i s t i v i t y  of s i n t e r e d  z i r c o n i a  doped wi th  
10 mole percent  y t t r i a  which is b e t w e e r 1 1  and 1 2  ohm cent imeters  a t  t h i s  tempera- 
t u r e .  

SUMMARY 

A high temperature  f u e l  ce l l  u s ing  a th in - f i lm  z i r c o n i a  e l e c t r o l y t e ,  
prepared by chemical vapor deposi t ion,was t e s t e d  s u c c e s s f u l l y  under c u r r e n t  load 
i n  a s i n g l e  ce l l  design. The test proved t h e  gas  t i g h t n e s s  of t h e  e l e c t r o l y t e .  
R e s i s t i v e  l o s s e s  checked c l o s e l y  wi th  those  c a l c u l a t e d  from the  r e s i s t i v i t y  and 
th ickness  of t he  e l e c t r o l y t e  and r e s i s t a n c e  of t h e  e l e c t r o d e s .  The t e s t e d  c e l l  
w a s  thermally cycled four  t i m e s  without  damaging t h e  t h i n  f i l m  s t r u c t u r e .  The 
performance of t h i s  s i n g l e  c e l l  exceeds t h a t  r equ i r ed  f o r  t h e  i n i t i a l  100-kilowatt  
coal-burning f u e l - c e l l  power p l a n t .  Fue l  e l e c t r o d e  tests i n d i c a t e  t h a t  th in-  
f i l m  f u e l  c e l l s  w i l l  perform equa l ly  w e l l  on t h e  f u e l  gas der ived  from t h e  
f l u i d i z e d  c o a l  bed used i n  t h a t  p l a n t .  

The development of t he  th in- f i lm f u e l  c e l l  i s  an important  s t e p  
toward a commercial power genera t ing  system capable  of producing e lectr ical  
energy from coa l  a t  o v e r a l l  e f f i c i e n c i e s  approaching 60 percent .  Fur ther  work 
i s  requi red  t o  provide t h e  th in- f i lm cel ls  wi th  low-cost a i r  e l ec t rodes  and t o  
in te rconnec t  them i n  b a t t e r i e s .  



REFERENCES 

(1) Zahradnik, R. L . ,  E l ikan ,  L . ,  and Archer,  D. H . ,  "A Coal-Burning So l id -  
E l e c t r o l y t e  Fuel C e l l  Power P l a n t  ,'' ADVANCES I N  CHEMISTRY SERIES , Number 47 , 
page 3 4 3 ,  1965. 

( 2 )  Ib id .  

( 3 )  Sverdrup, E. F. , Archer, D. H. ,  A l l e s ,  J. J . ,  Glasser, A. D.  , "Testing of 
Electrodes f o r  High-Temperature, Sol id-Elec t ro ly te  F u e l  C e l l s , "  Hydrocarbon 
Fuel  C e l l  Technology, Academic P r e s s  Inc. ,  N e w  York, 1965. 



Dwg.  859A486 

ANODE 

ELECTROLYTE 

CATHOD E 

A I R  * 

1 

FUEL CHAMBER 

P- A I R  CHAMBER 

F I G .  1 OPERATING P R I N C I P L E  O F  A S O L I D  ELECTROLYTE FUEL CELL 

owg. 859485 

THERMOCOUPLE AND 
CURRENT POTENTIAL PROBE 
LEADING W I R E  RUBBER A I R  ELECTRODE 

4 A I R  ELECTRODE 7, SCREEN 

u GASKET 

F I G .  2 TEST ARRANGEMENT FOR A THIN FILM ELECTROLYTE FUEL CELI  



THERMOCOUPLE 

ELECTROLYTE PROBE 

ALUMINA TUBE 

-.L 

I 

c 

-e- _.- - _  - CURRENT LEADING 
W I  RE WITH COLLECTOR 
SCREEN (AI R ELECTRODE) 

FIG. 3 ASSEMBLED THIN FILM ELECTROLYTE FUEL CELL 

PLATINUM TEST A I R  ELECTRODE lop 

T H I N  F I L M  
Z I RCON I A ELECTROLYTE 30,u 

COBALT CERMET FUEL ELECTRODE 2Op 

POROUS SUPPORT TUBE 

FIG.  4 CROSS SECTION THROUGH A THIN FILM 
ELECTROLYTE FUEL CELL AFTER OPERATION 

m-45 703 



Curve 5876244 

I I I I I I 1 I 
Theoretical Open Circuit Voltage 

1100 - - 
( 

loo0 -- t 
900 

800 

22 700.- 
(Performance 

Cell Voltage of the 
Thin-Film Cell 

Cell Voltage of the Thin-Film Cell 
( Ini t ia l  Performance) -I 

0 100 200 300 400 500 600 700 800 
Current Density, mA/cm 2 

FIG. 5 PERFORMANCE OF A THIN FILM FUEL CELL AT 950°C 
WITH H2+ 3% H20 AS FUEL AND WITH AIR 

Curve 587623-8 
E00 I I I I I I I I I 

01 I I I I I I I I I 
0 10 20 30 40 50 60 70 EO 90 

Time, hours 

FIG. 6 TIME DEPENDENCE OF CELL PERFORMANCE 
(CELL VOLTAGE AT A LOAD OF 500 mA/cm2) 


